Pediatric community-acquired pneumonia (CAP) accounts for >500 000 emergency department visits and 7% of pediatric hospitalizations in the United States annually [1, 2] . Pneumonia accounts for more days of antimicrobial therapy than any other indication for admission to US children's hospitals [3] .
In October 2011, the Pediatric Infectious Diseases Society (PIDS) and the Infectious Diseases Society of America (IDSA) published guidelines for the management of CAP in children [4] . Because Streptococcus pneumoniae is the most common bacterial cause of pediatric CAP and narrow-spectrum β-lactam antibiotics effectively target S. pneumoniae, these guidelines recommended penicillin or ampicillin/amoxicillin as first-line therapy for most children hospitalized with CAP.
Prior to the publication of the guidelines, <10% of hospitalized children with CAP received penicillin or ampicillin/amoxicillin; most children received cephalosporins, and prescribing varied significantly across physicians and institutions [3, [5] [6] [7] . The objective of this study was to investigate the impact of the PIDS/IDSA guidelines on antibiotic prescribing for children hospitalized with nonsevere, uncomplicated CAP.
METHODS

Study Design and Data Source
We performed a longitudinal analysis to examine the effect of PIDS/IDSA CAP guideline publication on antibiotic choice for children hospitalized with CAP. Data were obtained from the Pediatric Health Information System (PHIS), a comparative clinical and administrative database that contains information from 43 freestanding US children's hospitals located in 27 states plus the District of Columbia. The analysis was restricted to 38 hospitals after excluding institutions with data quality issues involving service date and prescribing data.
Study Population
We included patients aged 6 months to 18 years discharged between 1 October 2009 and 31 March 2013 with CAP identified using a previously validated algorithm [8] . The algorithm was validated in the PHIS database using International Classification of Diseases, Ninth Revision, Clinical Modification (ICD-9-CM) codes and had a positive predictive value (PPV) of 89.6% for identifying CAP using a primary diagnosis of pneumonia, excluding patients with complex chronic conditions [9] . To restrict the population to children with nonsevere, uncomplicated pneumonia, we excluded patients with an ICD-9-CM code for effusion or empyema; 2 or more consecutive days of mechanical ventilation and/or vasopressors; or an ICD-9-CM code for colonization, infection, or history of methicillinresistant Staphylococcus aureus (MRSA) infection.
Outcomes
The primary outcome was the rate of prescribing of guidelinerecommended first-line antibiotic therapy, defined as 1 or more days of amoxicillin, ampicillin, or penicillin. Secondary outcomes included the rate of prescribing of cephalosporins and macrolides.
Statistical Analysis
Using a longitudinal piecewise logistic model with a knot at October 2011 (guideline publication date), we modeled the trajectory of prescribing before and after guideline publication [10] . Patients were grouped by month, which was included as a linear variable. We examined potential confounders including age, sex, and insurance status; none of these variables meaningfully changed the model estimates and thus were not included in final models. Standard errors were adjusted for clustering by hospital. For each antibiotic therapy, we obtained the probabilities of prescribing for each month. For macrolides, probabilities were standardized by season because of seasonal variation.
To investigate the effect of the guidelines by hospital, we fit piecewise logistic models for each of 18 hospitals that provided data for at least 75% of the time period and averaged at least 20 patients per month. The marginal analysis results for recommended first-line therapy of these 18 hospitals were similar to the results of the analysis of all 38 hospitals.
Analyses were conducted using Stata version 12.1 (StataCorp, College Station, Texas).
RESULTS
There were 44 133 admissions for children with CAP across 38 hospitals. After excluding children with effusion, empyema, mechanical ventilation, vasopressor use, or MRSA, 38 819 admissions were included.
Guideline-Recommended First-line Therapy
During the 42-month study period, 28% of all hospitalized children received ampicillin or amoxicillin (<0.1% of patients received penicillin). Among patients who received ampicillin or amoxicillin, 78% received it on the first day of antibiotic therapy and 47% did not receive any other antibiotics during their admission. In the 2 years prior to guideline publication, ampicillin/amoxicillin use was low, with a nonsignificant increase over time (P = .068). After guideline publication, there was a significant increase in prescribing (P = .02 comparing preguideline and postguideline trajectories), bringing the overall ampicillin/amoxicillin prescribing rate 18 months after publication to 43% ( Figure 1A) . If the preguideline trajectory had been maintained, however, the projected rate of prescribing 18 months after publication would have been 29%.
Other Antibiotic Therapy
During the 42-month study period, 66% of children received cephalosporins (90% of which were cefotaxime or ceftriaxone), and 32% received macrolides (99% of which were azithromycin). Cephalosporin prescribing decreased significantly over the entire study period (P < .001), but the trajectory was not significantly impacted by guideline publication (P = .12; Figure 1B ). Whereas the rate of macrolide prescribing was increasing significantly prior to October 2011 (P < .001), macrolide use declined significantly after guideline publication (P = .003), leading to a prescribing rate 18 months after publication of 31% ( Figure 1B) . If the preguideline trajectory had been maintained, however, the projected prescribing rate would have been 41% at 18 months after publication.
Hospital-Specific Analysis
Examination of the 18 centers that provided data for at least 75% of the time period and averaged at least 20 patients per month revealed considerable variation in ampicillin/ amoxicillin prescribing from the beginning (October 2009: 1%-77%) to the end (March 2013: 5%-77%) of the study period. Initially, only 3 hospitals used ampicillin/amoxicillin for a majority of children, whereas 9 hospitals used ampicillin/ amoxicillin for more than half of cases by study's end. Fifteen hospitals increased their use over time, 8 by >25 percentage points. Of the 3 hospitals that decreased use, 2 had high baseline prescribing rates (77% and 76%, dropping to 72% and 74%, respectively).
DISCUSSION
We examined the impact of the PIDS/IDSA guidelines on antibiotic prescribing for children hospitalized with CAP. Following guideline publication, use of recommended first-line therapy, including ampicillin or amoxicillin, increased significantly over time. Eighteen months after guideline release, however, the majority of patients still did not receive ampicillin or amoxicillin. Use of cephalosporins and macrolides remained substantial but was decreasing significantly.
Studies conducted prior to 2011 demonstrated marked variability in antibiotic use for children hospitalized with CAP. This lack of standardization highlighted the need for clinical practice guidelines [3, 7] . Furthermore, >70% of pediatric infectious diseases specialists surveyed recommended cephalosporins for children with uncomplicated CAP [7] , consistent with our findings, despite evidence that cephalosporins are not superior to narrower-spectrum β-lactams [5, 11] .
Practice guidelines are intended to improve quality of care by encouraging prescribing practice that follows the best evidence available and expert consensus [12, 13] . Guidelines targeting antimicrobial prescribing can be an important tool for reducing unnecessary and inappropriate antibiotic use in the effort to improve clinical outcomes while minimizing the emergence of antimicrobial resistance. Guidelines for the treatment of CAP can be effective in improving quality of care: multiple studies have shown that adherence to IDSA and American Thoracic Society guidelines for treatment of CAP in adults is associated with improved clinical outcomes and reduced costs [14] [15] [16] [17] . In the United Kingdom, national clinical guidelines led to significant increases in use of amoxicillin and decreases in length of stay [18] .
However, creation and publication of guidelines alone do not ensure uptake of recommendations [19, 20] . We observed significant variability in the adoption of the CAP guidelines by institution, including some institutions where prescribing remained unchanged. Potential barriers to guideline adherence include lack of guideline awareness, clinician attitudes towards standardization, lack of agreement with recommendations, and inertia of previous practice [13] .
Implementation of quality improvement initiatives such as institutional clinical pathways can effectively improve adherence to national guidelines and drive behavior change. Clinical pathways based on IDSA/PIDS guidelines have been shown to increase use of ampicillin while decreasing cephalosporin use for patients admitted to children's hospitals with CAP [21] [22] [23] [24] . Antimicrobial stewardship programs, recommended to optimize antibiotic prescribing [25, 26] , can also be leveraged to successfully facilitate guideline adherence [27] .
Our study has limitations. Reliance of ICD-9-CM codes to identify patients with CAP could result in misclassification. However, this algorithm was previously validated within this database (PPV = 89.6%). We also used additional exclusions (MRSA, effusion, empyema, vasopressor use, mechanical ventilation) that were not validated. However, 99% of patients in the final cohort were admitted for ≤7 days, suggesting that we captured patients with uncomplicated disease. We defined therapy with a particular drug as receipt of a single day of the specific agent, which could misclassify patients who switched therapy or received multiple drugs. This misclassification, however, would only overestimate the use of recommended first-line therapy. Finally, given the lack of microbiologic data from this database (and the general lack of microbiologic identification of CAP patients in general), we were unable to distinguish empiric and targeted therapy.
Recommended first-line antibiotic therapy for children hospitalized with CAP has increased following publication of PIDS/ IDSA treatment guidelines, but overall use remains low. Cephalosporin and macrolide prescribing is decreasing but remains common. Guideline adoption was not consistent across institutions. Further studies exploring the outcomes of and reasons for compliance with treatment guidelines are warranted.
